Near-receiver material properties are required to separate the recorded wavefield into P-and S-, and up-and downgoing components, and can enhance static corrections and improve depth estimates of refractors. We present an approach for estimating local material properties between two geophones, one buried and one positioned at the surface. We do so by inverting the vertical wavefield propagator in the time domain. Both its amplitude and phase are used to determine the local structure between the two geophones. Synthetic experiments and noise tests demonstrate that the propagator inversion provides accurate estimates for P and S velocities, and is robust with respect to near-surface reverberations.
Introduction
Most observations of seismic waves are made either at, or very near the earth's surface. Before reliable subsurface information can be retrieved from these recordings, corrections are required for near-surface structure. For example, detailed knowledge of shallow structure is required to decompose the recorded wavefield into up-and downgoing P-and S-waves. Furthermore, this can improve depth estimates of refractors and may aid static corrections.
However, it is difficult to obtain reliable estimates for shallow structure with conventional seismic techniques. Curtis and Robertsson (2002) therefore proposed to use 3D recording configurations. By measuring spatial wavefield derivatives, the wave equation can be inverted for local material properties. We present a method for estimating local near-receiver velocities based on propagator inversion. The propagator contains all information on the material properties between the free surface and a buried geophone, and can be estimated directly from the recorded data. Originally, propagator inversion was proposed by Trampert et al. (1993) to estimate the S-velocity structure and the quality factor by analyzing the SH propagator in the time domain. We generalize this approach to the elastic P-SV case, and illustrate a scheme to constrain near-surface P and S-wave velocities based on waveform inversion of the P-SV propagator.
Method
First, we demonstrate a procedure to obtain the P-SV propagator from recorded data. Second, we discuss an inversion scheme for extracting information on the shallow structure from this data-estimated propagator.
Assuming a plane-wave solution for the wave equation, the plane wave at depth ∆z can be written in the form:
where v1 is the inline particle velocity component and v3 the vertical component. In an (transversely) isotropic, elastic medium, P11(ω) and P33(ω) are real, whereas P13(ω) and P31(ω) are purely imaginary. Consequently, P can be obtained from recorded data by spectral division, equating real and imaginary parts in equation (1). Note that in the presence of attenuation, all components of P are complex. Then, only the SH case can be treated correctly (Trampert et al., 1993) .
The analytical expression forP in an isotropic elastic medium determined by the P-wave velocity α, the S-wave velocity β, and the horizontal slowness p is (Aki and Richards, 2002) :
where
The vertical slownesses qp and qs are given by:
(10)
Equations (6) through (9) contain the phase shifts for two-way extrapolation to depth ∆z. The amplitudes of the propagator coefficients [equations (2) through (5)] are wavefield decomposition filters (Osen et al., 1999) . Before extrapolating the recorded wavefield to depth ∆z, the wavefield is decomposed into up-and downgoing P-and S-waves. Finally, summation of the different waves renders the total wavefield at depth ∆z.
We choose to invert the propagator in the time domain, because in this domain both the time lag of the peaks and the waveforms can be used to constrain the near-surface velocities. The time lag of the peaks gives the vertical traveltime for either P-waves or SV-waves, respectively. The waveforms contain both amplitude and phase information.
Half-space example
We shall first illustrate the inversion scheme for near-surface velocities with a half-space example. The model parameters are listed in Table 1 . The analytical solutionP for the given model parameters is shown in Figure 1a . Before comparing the analytical propagator to the data-estimated propagator, it is necessary to limit the frequency band of these analytical expressions. The data-estimated propagators have a limited bandwidth because they are obtained by spectral division [equation (1)] and symmetry properties of band-limited seismograms. The timedomain expressions for frequency windowing functions are shown in Figure 1b . Figure 1c illustrates the data-estimated and band-limited analytical propagator. The band-limited analytical propagator exactly matches the data-estimated propagators. A consequence of limiting the bandwidth is that the propagator coefficients are smoothed. As a result, the temporal resolution decreases. The temporal resolution of the data-estimated propagator is determined by the depth of the buried geophone, the angle of incidence, the wave velocities, and the bandwidth of the propagator. Figure 1c suggests that the wave velocities α and β and the horizontal slowness p can be obtained by optimizing the fit between the data-estimated and band-limited analytical propagators, which are denoted by P andP, respectively. We define the following objective function:
with
The objective function E is a function in a three-dimensional model space. Cross-sections of the objective function ( Figure 1 show that perturbations in p have a relatively small influence on estimates of α and β.
Low-velocity layer example
In the previous example, only a single slowness arrival was recorded. In this example, reverberations in the near-surface low velocity layer result in multiple arrivals with different horizontal slownesses. It is important to assess the consequences of multiple arrivals, because a single slowness is implicit to construct the propagators.
The near-surface layer is 5 m thick with α = 600 m/s, β = 200 m/s, and ρ = 1600 kg/m 3 . The parameters of the underlying half-space are: α = 1500 m/s, β = 600 m/s and ρ = 1800 kg/m 3 . The P source is located at 100 m depth and emits a 120 Hz Ricker wavelet (see Figure 3) . The recorded traces are shown in Figure 4 . These clearly show the multiple arrivals due to interfering waves in the near-surface low-velocity layer. Another observation is that the wavefield rapidly changes with depth.
Propagator inversion
The data-estimated propagators are compared to the analytical propagators ( Figure 5 ). The latter were computed for the horizontal slowness of the first break. Due to the multiple arrivals, there is not an exact match between the analytical and dataestimated propagators. Also, the individual P-wave peaks cannot be identified. As a result, the vertical P-wave traveltime cannot be obtained by estimating the time lag of the peaks. Therefore, we expect a larger uncertainty in the estimated P-wave velocity. This is confirmed by cross-sections of misfit function for waveform inversion (Figure 6 ). The shape of the misfit functions is similar to those obtained in the half-space experiment. There is no trade-off between β and p and deviations in p only cause small uncertainties in α. The uncertainty in α can be reduced by increasing the depth of the buried geophone. Then, the individual P-wave peaks can be identified again. There are no wavelength constraints imposed on the maximum depth of the buried geophone. However, if the depth separation between the surface and buried geophone becomes too large, the medium cannot be assumed homogeneous any more.
So far, we considered noise-free data. To quantify the effect of noise, we define the relative root-mean-square (RMS) error in α by:
with α0 the model P-wave velocity and αi the estimated P-wave velocities. Similar expressions are defined for the relative RMS in β. For each noise level, experiments were conducted 1000 times (N = 1000) with different manifestations of Gaussian noise. The minimum of the objective function E was determined using a forward search method. Figure 7 illustrates the effect of noise on the velocity estimation. For p0 the horizontal slowness of the first break is used. Since there are multiple arrivals, the estimated slowness does not exactly converge to p0. The relative RMS in α remains smaller than 0.10 for a S/N ratio of 18 dB, and for β for a S/N ratio of 16 dB.
Conclusions
Detailed information of shallow structure is important for wavefield decomposition filters, static corrections and refraction studies. Propagator inversion estimates local near-surface velocities. The minimum configuration consists of two multicomponent geophones, one buried and one positioned at the free surface. Both propagator estimation and inversion implicitly assume that a data window containing a single slowness can be isolated in the recorded data. But, synthetic experiments have shown that the method is robust with respect to near-surface reverberations and noise. The experiments demonstrated that propagator inversion provides accurate estimates for P and S velocities of a near-surface low-velocity layer.
